ABSTRACT For partial discharge (PD) detection of less-oil immersed electric equipment (CT, PT, bushing), frequent sampling of oil chromatographic is likely to cause negative pressure inside the equipment, and by modifying the terminal tap to access the detection impedance, it will endanger the reliability of the long-term grounding of the terminal tap. Based on this, in this paper, a combined on-line monitoring method for PD of less-oil immersed electric equipment based on pressure and UHF is proposed. UHF method is used to detect the real-time features of PD defect, and the pressure is used to detect the accumulative degree of insulation deterioration. An oil-immersed vertical CT PD detection scheme based on pressure and UHF is designed. The feasibility of the scheme is verified by experiments. And in the case of bubble insulation defects, the PRPS spectrum of leaked electromagnetic wave from non-metallic insulating gap is obtained in the UHF method, and the relationship between the accumulated severity of the defect and the pressure was also studied. The experimental results show that the pressure has a certain fluctuation during the initial period of PD. Under the condition of a certain discharge quantity, the oil pressure changes linearly with the increase of time, and the pressure growth rate varies with different discharge quantity. When the internal pressure reaches the pressure value required for expansion of the expander, the internal pressure of the device shows a non-linear growth trend. The method proposed in this paper provides a new idea for the PD insulation detection of oil-less equipment.
I. INTRODUCTION
With the development of power system, oil-immersed current transformer, casing and other less-oil immersed electric equipment have been more and more widely used in high voltage power system [1] , [2] . In the long-term operation process, there will be insulation defects such as partial discharge in the less oil immersed electric equipment [2] , [3] . If the defects cannot be found in time and continue to deteriorate, it will lead to insulation breakdown, and in severe cases, safety accidents such as roof fall and explosion will occur [4] - [6] .
At present, the detection methods for PD insulation defects in less oil immersed equipment are mainly oil chromatography and pulse current method, but the following problems exist in practical application: 1. The oil quantity of less-oil equipment is less, taking 110kV oil immersed CT as an example, its internal oil quantity is only about 110L, frequent oil extraction by oil chromatography will cause negative pressure and seal damage to the equipment, which may cause the equipment to explode. 2 The impulse current method will endanger the reliability of terminal grounding by reconstructing terminal tap, and there are problems such as poor antiinterference ability [3] , [7] , [8] .
Insulation oil in less-oil immersed equipment is a kind of mineral oil obtained by distillation and refining of natural oil. It is a mixture of hydrocarbons with different molecular structures, including alkanes, olefins, cycloalkanes, aromatic hydrocarbons and so on. When there are discharging or overheating faults in the equipment, characteristic gases such as H2, CH4, C2H6, C2H4, C2H2, CO and CO2 will be produced [9] - [11] . The produced gas is dissolved in the oil and released to the oil surface. Since the less oil immersed equipment is a sealed structure, the gas on the oil surface gradually accumulates, and the gas pressure acts on the liquid insulating oil, causing the oil pressure to gradually increase [12] , [13] , therefore, it can be considered to achieve on-line monitoring of internal PD insulation defects of lessoil immersed equipment by obtaining changes in oil pressure.
Since the release and dissolution of the characteristic gas is a companion process, the change of the oil pressure is a slow process under the low energy density discharge, and there is a problem that the characterization is not timely in the defect start time phase. UHF (Ultra high frequency) method is an effective monitoring method for partial discharge insulation defects, which has the advantages of strong anti-interference ability and timely indication of insulation defects [14] . Therefore, a joint monitoring method based on pressure and UHF for partial discharge insulation defect of less oil immersed equipment is proposed in this paper. The oil-immersed vertical CT partial discharge detection scheme based on oil pressure and UHF is designed. The UHF and internal pressure variation characteristics of different discharge quantity were initially explored.
II. PD DETECTION SCHEME OF OIL IMMERSED VERTICAL CT BASED ON OIL PRESSURE AND UHF

A. PRESSURE DETECTION SCHEME
In hydrostatics, Pascal's law states that at any point in the incompressible static fluid that is subjected to pressure increases by external forces, this pressure gain is instantaneously transmitted to each point of the stationary fluid. It can be seen that inside the CT, at any point in the oil, if the oil height is h, according to the basic equation of static pressure, the pressure P is
where P is the pressure caused by external force, ρ is the density of insulating oil, g is gravitational acceleration. If P is changed to P + P due to an increase in external pressure, as long as the liquid remains in its original resting state, the pressure at any point in the liquid will change by the same amount. That is, in the oil immersed CT, the pressure applied to the insulating oil will be equally transmitted to each point. At any point where the height is h, the pressure at this time is
Therefore, the pressure change at any point of the liquid can reflect changes in the internal pressure of the device.
Since the low voltage part of the oil-immersed vertical CT is at its own bottom, and the oil drain valve is the only interface at the bottom of the device that can directly measure the oil pressure of the equipment, in order not to damage the structure of the equipment body and to facilitate the installation of the pressure sensor, a three-way valve is installed at the oil drain valve. One end is installed with the pressure sensor; the other end is used for oil sampling. The installation of the pressure sensor and its measuring circuit are shown in Figure 1 . 
B. UHF DETECTION SCHEME
The rising edge of PD signal is steep, which can excite 300MHz-3000MHz high frequency electromagnetic wave signal. The electromagnetic wave signal can be coupled by UHF antenna sensor and converted into electrical signal output [15] .
Depending on where the UHF antenna is installed, it can be divided into built-in and external. Since the metal casing of the device attenuates the electromagnetic wave signal, the built-in UHF antenna has the best detection effect, but its installation is difficult, especially for the equipment that has been put into operation [16] , [17] . In order to meet the actual working conditions, this paper proposes an external UHF antenna installation scheme for oil immersed vertical CT.
The main insulation of oil immersed vertical CT is oilpaper insulation, high and low voltage coexist in bottom of CT. The main discharge area is close to the bottom tank area. At the same time, there is an insulating rubber gasket along the bottom tank, forming a non-metallic electromagnetic leakage channel around the tank with a gap width of about 0.7 cm. When a partial discharge is generated in CT, the electromagnetic wave radiated by the partial discharge is transmitted outward through a non-metallic gap, and the leaked electromagnetic wave is detected by a back-cavity UHF antenna. Figure 2 shows the installation of the UHF antenna.
III. EXPERIMENT A. EXPERIMENTAL CIRCUIT
The test sample used in the experiment was a 110kV oilimmersed vertical current transformer supplied by Sichuan Electric Power Company of China State Grid. Its structure is shown in Figure 3 . The primary winding of CT has a ''U'' structure, and the primary winding extends vertically from the top of the CT into the bottom tank, and the high voltage end and the low voltage end are insulated by a VOLUME 7, 2019 FIGURE 2. Installation scheme for UHF antennas. porcelain sleeve. The secondary winding is placed in the lower part of the primary winding. The top of the CT is equipped with a corrugated metal expander, PB330-Nx12, diameter 330mm, with 12 expansion joints. The entire sample is filled with 25# insulating oil. A drain valve is provided at the bottom of the tank.
The experimental circuit is shown in Figure 4 , where T1 is voltage regulator, T2 is transformer of no corona, R1 is protection resistor; C1/C2 is dividing capacitor, C3 is coupling capacitor. The pressure sensor used in the experiment is ATB2058A produced by American TE Company, as shown in Figure 5 . Its pressure range is 0-200kPa, the pressure type is absolute pressure and detection sensitivity is 3 Pa. And its installation scheme and circuit is shown in Figure 1 .
The UHF antenna sensor used in the experiment is made by authors in laboratory and the VSWR (Voltage Standing Wave Ratio) are shown in Figure 6 and Figure 7 separately. And its installation scheme is shown in Figure 2 . 
B. BUBBLE INSULATION DEFECT
The oil immersed CT must first be vacuumed when the oil is injected. In the actual operation process, the residual pressure is kept below about 133Pa, and then the oil is slowly injected from the upper part under vacuum. Otherwise, tiny air bubbles are easily generated and attached to the insulating paper, causing partial discharge of equipment eventually lead to breakdown. Literatures show that bubble defects will exist, if the refueling process is in a non-vacuum state and bubble defects are common insulation defects of transformers [18] - [20] . Therefore, in this paper, the oil immersed CT is not vacuumed before the experiment, and after the body is exposed to the air for a period of time, the insulating oil is directly injected from the top of the expander, causing bubble insulation defects.
C. EXPERIMENTAL METHOD AND DATA RECONDING
The power frequency experimental object is an oil-immersed vertical CT, using 25# insulating oil, the ambient temperature is room temperature 25 • C, and the ambient humidity is 60%. Considering the actual working pressure in the equipment, the limitation of the test conditions and the safety of the experiment, this paper firstly studied the partial discharges of 500PC, 1000PC, 2000PC, and the internal pressure change characteristics and UHF results during with short-term PD process for 3 hours. Then, the internal pressure change characteristics of the CT during with long-term 1000pC PD process for 320 hours were studied. Finally, the relationship between the partial discharge and the pressure under the bubble defect was investigated.
The experimental data acquisition process is as follows:
(1) The new 25# insulating oil is injected into the CT through the top vent valve of the expander, and tiny bubbles are attached to the CT main insulation to form bubble insulation defects.
(2) After standing for 12 hours, the excess bubbles are automatically precipitated, when the oil pressure is stable, if the oil level drops slightly, the oil will be filled, then the vent valve is tightened, and the rain cover is covered.
(3) Gradually boost to the initial discharge voltage, and then each time boost 1 KV, measure the discharge quantity, if less than the set value, then continues to boost until the test discharge quantity reaches the set value.
(4) Maintain the stability of discharge quantity by adjusting the experimental voltage.
(5) The oil pressure increase data was recorded at regular intervals (short-time PD process: 5 minutes; long-time PD process: 0.5 hours), and the discharge waveforms of the UHF and pulse current methods were recorded at the same time.
IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. UHF EXPERIMENTAL RESULTS
When discharge quantity is 500pC, 1000pC and 2000pC, the results of UHF and pulse current method are compared as shown in Figure 9 .
As can be seen from Figure 9 , the external UHF installation scheme designed in this paper can monitor the electromagnetic wave signals emitted by PD in oil-immersed CT, and its sensitivity increases with the increase of discharge quantity. Figure 10 shows the UHF spectrum information of PD in different discharge quantity.
It can be seen from Figure 10 that the discharge signal is mainly concentrated in the first and the third phase region and as the insulation degradation increases, the discharge frequency gradually increases, and the discharge region tends to gradually spread toward the voltage zero-crossing point.
B. PRESSURE VARIATION CHARACTERISTICS AND ANALYSIS
1) PRESSURE EXPERIMENTAL RESULTS
The increase curve of CT internal pressure under different discharge quantity is shown in Fig. 11 .
During the PD process, the internal pressure of the CT increased significantly. When the discharge quantity increased from 500pC to 1000pC and 2000pC, the pressure increment gradually increased, and the pressure increment during PD process are 0.30273kPa, 0.4279kPa, and 0.57733kPa, respectively. In the first 30 minutes or so, although the pressure fluctuated, it remained unchanged. This indicates that the use of pressure to monitor PD insulation defect is delayed with a delay time of approximately 30 minutes. At this time, pressure signal cannot be used to realize on-line monitoring of partial discharge insulation defects. But UHF method will be used as a supplementary method to monitor the insulation defect of partial discharge in the early partial discharge period.
The reason for this phenomenon is that when the gas content in the insulating oil is very low, the gas is completely dissolved in the oil. As time goes on, the dissolved gas in the oil and the gas on the upper part of the oil gradually establish a dynamic equilibrium of dissolution and release [21] , [22] . After that, the pressure is on the rise and the larger the discharge quantity, the faster the pressure rises, which indicates that the degree of defect can be calibrated according to the rate of pressure change. In order to understand the pressure variation characteristics more intuitively, the linear part of the pressure change curve in Fig. 11 was linearly fitted by the least squares method, and the fitted curve is shown in Figure 12 .
The slope and the adjusted R square of fitted curve are shown in Table 1 . It can be seen that the complex correlation coefficient R squares of the three curves are 0.9893, 0.99546, and 0.99679, respectively, which are close to 1, indicating that the linear correlation between pressure and time is very high when the discharge quantity is constant, that is, when the discharge quantity is constant, the pressure linearly increases with time. It can be seen from table 1 that the slope of the 2000pC pressure curve is the largest. This is because the larger the discharge quantity, the greater the energy generated by the discharge. Electron bombardment causes the weakest C-H bond (338 kJ/mol) of the insulating oil to break, and re-synthesizes a gas such as hydrogen to accumulate. The increase in energy increases the number of C-H bond ruptures, increases the gas production rate, and increases the slope of the pressure curve. Then the relationship between pressure increase growth slope and discharge quantity is given in figure 13 .
As can be seen from Fig. 13 , as the increase of discharge quantity, the slope does not change linearly. When the discharge quantity is increased by 4 times, the slope increase value is less than 4 times. The reasons for this phenomenon may be: (1) The discharge frequency does not increase linearly with the increase of the discharge quantity. When the discharge quantity increases by 4 times, the average discharge energy does not increase to 4 times; (2) After the discharge energy increases, there is C-C bond (607kJ/mol) fracture, the rate of gas generation is slightly reduced compared to the C-H bond when the same energy is absorbed; (3) The solubility of different kinds of gases in insulating oil is different.
Since there is an expander on the top of the oil-immersed CT, as shown in Figure 3 , when the internal pressure of the CT reaches the pressure required for the expander to expand, the expander expands, and the internal volume of the CT increases, which causes the internal pressure of the CT to decrease. But this trend is not shown in Figures 10 and 11 . This may be because the gas pressure generated by the discharge does not reach the pressure limit required for the expander to expand.
Therefore, in order to systematically study the relationship between discharge quantity and pressure in oil-immersed CT, the expansion characteristics of the expander are tested by filling N2 into the CT. The test results are shown in Figure 14 .
Then, under the condition of a discharge intensity of about 1000pC, a 320-hour experiment was performed, and the pressure value was recorded every 0.5 hours. The experimental results are shown in Fig. 15 .
2) THEORETICAL ANALYSIS
When a PD insulation fault occurs inside the transformer, insulating materials such as oil paper may generate fault characteristic gases such as CH 4, C 2 H 4 , and H 2 . These gases are convectively diffused in the oil and continuously dissolved in the oil. Each gas in the oil reaches a dynamic equilibrium of dissolution and release at a certain temperature and pressure, that is, it will eventually reach a saturated or near-saturated state of dissolution [20] .
When there is a latent fault in the oil-less immersed equipment, if the gas produced by decomposition is very slow, the gas diffuses in the form of molecules and dissolves in the surrounding oil. Even if the gas content in the oil is very high, as long as it is not saturated, no free gas will be released. If the fault exists for a long time and the dissolved gas in the oil has reached saturation, free gas will be released. If a sudden failure occurs, when the gas production rate is high, part of the decomposed gas will dissolve in the oil, and the other part will become bubbles floating up to the top of the transformer because the dissolution and replacement process cannot be fully carried out, resulting in increased pressure inside the equipment.
When the fault type and discharge quantity are fixed, the type and rate of gas production in CT are fixed. If the gas production rate is v, the gas production in t time is n = vt. According to the ideal gas state equation [20] :
where V is the volume, R is the ideal gas constant, and T is the temperature. If the change in pressure is small and the pressure value required for expansion of the expander is not reached, the volume V is constant. In addition, since CT is in an open circuit state, the current flowing through the CT is mill amperes level, and it can be considered that the gas temperature is consistent with the room temperature and remains substantially unchanged. At this time, the formula (2) can be expressed as:
From the formula (5), we can see that the pressure varies linearly with time.
If the pressure inside the CT does not reach the pressure required for the expansion of the expander, the expander will stay unchanged, and the volume inside the less-oil immersed equipment is fixed. As time increases, the pressure inside the equipment increases linearly, as shown in Fig.10-11 (except the early partial discharge period).
If the pressure inside the CT reaches the pressure required for the expansion of the expander, the expander will expand. Since the expansion characteristics of the expander are nonlinear, as shown in Fig. 13 . At this time, the pressure change process in CT is the superposition of the pressure growth process caused by PD and the expansion process of expander. The pressure change process caused by PD in CT presents the characteristics of rapid increase in the early stage and slow increase in the later stage, as shown in Fig. 14 .
By comparing the experimental results with the theoretical analysis results, it is found that due to the instability of the partial discharge, in the early stage of partial discharge, the pressure growth is not completely linear, but falls on both sides of the fitting curve, but the data dispersion is small and the linearity is high. In the late stage of partial discharge, the normal pressure trend changes slowly due to the expansion process of the expander. The experimental results are consistent with the theoretical analysis results.
V. CONCLUSION
(1) For the oil-immersed vertical CT, the UHF antenna installed in the tank box along the seal can monitor the electromagnetic wave signal of the PD defect of the device, and the greater the discharge amount, the higher the UHF monitoring sensitivity.
(2) When using pressure to monitor partial discharge of less oil equipment, the pressure remains basically unchanged at about 30 minutes from the start of discharge, at this time, UHF method is the only method used to monitor partial discharge insulation defect.
(3) With the increase of discharge time, the pressure increases linearly, and the larger the discharge quantity, the greater the pressure growth rate. With the further increase of discharge time, when the internal pressure of the CT reaches the pressure needed by the expansion of the expander, the pressure presents a slow growth trend, and compared with the pressure increase trend before expansion of expander, the growth rate of the internal pressure of the equipment decreases significantly.
(4) According to the equation of state of ideal gas, the theoretical analysis of pressure variation trend is basically consistent with the experimental results.
(5) UHF method can meet the sensitivity requirement of partial discharge detection; pressure can meet the requirement of accumulative degree of insulation deterioration. On-line monitoring of pressure and UHF partial discharge can effectively complement each other and improve the reliability of on-line monitoring of less-oil immersed equipment. 
